In this study, two vineyards of different age were chosen. During three years, a sampling campaign was performed for isolating vineyard-associated Saccharomyces cerevisiae (S. cerevisiae) strains. Bark portions and, when present, grape bunches were regularly collected from the same vine plants during the overall sampling period. Each bark portion was added to a synthetic must, while each grape bunch was manually crushed, and fermentations were run to isolate S. cerevisiae strains. All collected yeasts were identified at different species and strain levels to evaluate the genetic variability of S. cerevisiae strains in the two vineyards and strains dynamics. Moreover, bark-associated strains were compared with those isolated from spontaneous fermentations of grapes collected during the two harvests. Regarding the youngest vineyard, no S. cerevisiae was identified on bark and grape surface, highlighting the importance of vine age on yeast colonization. Results reported the isolation of S. cerevisiae from vine bark of the old vineyard at all sampling times, regardless of the presence of the grape bunch. Therefore, this environment can be considered an alternative ecological niche that permanently hosts S. cerevisiae. Bark-associated strains were not found on grape bunches and during pilot-scale vinifications, indicating no significative strain transfer from vine bark to the grape must. Commercial starters were identified as well both in vineyards and during vinifications.
Introduction
Saccharomyces cerevisiae (S. cerevisiae) is the main agent of alcoholic fermentation and it is widely used as a starter in several fermentation processes (wine, beer, and bread). During alcoholic fermentation of a grape must, S. cerevisiae becomes the dominant species mainly as the ethanol concentration increases [1] . Therefore, isolation of natural S. cerevisiae is generally carried out from spontaneous must fermentations [2] [3] [4] [5] [6] [7] suggesting, in the past, the idea that S. cerevisiae is frequent on grapes. However, the use of direct isolation techniques reveals that Saccharomyces is absent or a rare contaminant of grapes [8] . When being present on grapes, S. cerevisiae occurs at concentrations lower than 10-100 CFU/g [9] and the cells number never exceeds 10 CFU/cm 2 of grape berries [10] . Recently,
Results and Discussion

Presence of S. cerevisiae Strains on Grape Bunches and Vine Bark Portions at Harvest Time
To evaluate if S. cerevisiae could colonize different parts of the vine plants, we collected bark portions and grape bunches at harvest time 1 (H1). In this condition, we also investigated whether these two ecological niches were connected and able to share their respective strain pools. Two vineyards (young vineyard (YV, three-year-old) and old vineyard (OV, eight-year-old)) were considered in order to evaluate the effect of the plant age on the presence and abundance of S. cerevisiae strains. In both vineyards, a total of 20 vine plants chosen from two different rows (10 plants from each row) were analyzed. To evaluate the effect of the plant position, results from each row were shown separately.
Form each plant, a grape bunch was collected (a total of 40) and single-bunch fermentations were run by separately crushing each cluster. Moreover, from each plant, bark portions were collected and each sample was added to a synthetic must as a fermentation starter. In both sets of experiments, the fermentation was used to enrich S. cerevisiae concentration that is known to be very low in vineyards [9] . Plate isolation was performed to recover S. cerevisiae isolates when the CO 2 produced during the fermentation was about 3-4 g per 100 g of grape or per 100 mL of synthetic must. At this stage, corresponding to ethanol content above 4.5%-5%, naturally present non-Saccharomyces yeasts declined to give way to ethanol-tolerant yeasts such as S. cerevisiae [27] . After 940 h, fermentations were stopped and total CO 2 production was recorded. The average CO 2 productions measured for grape samples were always significantly higher than those from bark samples, regardless of plants age (Figure 1 ).
In the YV, the variability of total CO 2 production levels measured for each vine row was very limited (Figure 1 ). In grape samples, the boxplot distribution showed that the interquartile range was between 5.3 to 7.8 g/100 g of grape, while in bark fermentations it was between 0.2 and 1.5 g/100 g of grape. The results suggested a limited presence of S. cerevisiae in the analyzed samples, and regarding barks the absence of fermenting yeasts. When yeast isolates were analyzed, none of them were identified as S. cerevisiae.
On the contrary, the OV showed rather vigorous fermentations (Supplementary Materials, Figure S1 ) with high levels of CO 2 production. In single-bunch fermentations, although the CO 2 levels were promising (the interquartile range was between 7.5 and 9.9 g/100 g of grape), only two samples revealed the presence of S. cerevisiae. Strain G2.2 was isolated from plant 2: 13 out of 42 isolates analyzed belonged to S. cerevisiae species and all showed the same genotype. From plant 5, a single strain was obtained. When its genetic profile was compared with those of the commercial strains used in the wineries of the Prosecco area, it overlapped with strain Lalvin DV10. This yeast was already isolated in the same area during previous grape sampling campaigns, confirming dissemination of commercial strains from the cellar to the vineyard [7] . In bark fermentations, the CO 2 production was highly variable (particularly in the vine row including plants 11 -20) . Six samples collected from plants 6, 10, 11, 13, 14, and 18 reached about 9 g/100 mL of synthetic must (Supplementary Materials, Figure S2 ). In bark fermentations, the genetic analysis revealed that only samples collected from plants 6, 10, 11, 13, and 14 producing a high CO 2 level contained S. cerevisiae (Table 1) . Table 1 . Presence of Saccharomyces cerevisiae (S. cerevisiae) strains in bark samples collected from 30 vine plants (three rows) in the OV. Plants 2-30 were sampled only at early spring 2 (ES2), late spring 2 (LS2), and harvest time 3 (H3).
Vine Plant H1 S1 H2 ES2 LS2 H3
Total strain number 5 7 9 4 3 1
By mtDNA analysis, seven strains were found in total. Only from two bark samples (plants 11 and 14) , two strains were isolated from each fermentation. Results suggested that plant age strongly influenced S. cerevisiae presence. The OV had a different cordon structure, which is thicker and more robust than the YV. Due to the more complex structure, the OV seemed to constitute a better habitat for fermenting yeasts than the YV. The absence of S. cerevisiae on young vine plants was previously documented, although only grape bunches were analyzed at that time [28] . In the OV, bark revealed higher S. cerevisiae presence and strains variability than grape bunch. Moreover, although the presence of S. cerevisiae was very limited, strains of bark origin were not isolated on grape bunches.
Dynamics of S. cerevisiae Strains on Vine Bark During Two Consecutive Vintages
The above results suggested that the bark is an interesting niche where S. cerevisiae is present during harvest. With the aim of evaluating whether S. cerevisiae is permanently present on vine bark, independently from the maturation stage of grape cluster, bark samples were collected in spring 1 (S1) and at harvest time 2 (H2) during the subsequent year. To allow for the comparison of the fermentation trends of yeasts collected at different sampling times, CO 2 production at about 800 h was considered (Figure 2) .
In the YV, the average values of total CO 2 production calculated for each vine row were generally very low and significantly different from those measured in fermentation of OV samples. The interquartile ranges in the boxplot distribution were between 0 and 2.2 g/100 mL of synthetic must confirming the trend described during the previous harvest. When yeast isolates were analyzed, none of them were identified as S. cerevisiae.
In the OV, at S1, CO 2 concentration showed a high level of variability. The interquartile ranges in the boxplot distribution were between 5.7 and 9.2 g/100 mL of synthetic must. At H2, the variability of CO 2 production among bark fermentations was lower. The interquartile ranges in the boxplot distribution were between 7 and 9 g/100 mL of synthetic must. These results suggested an increase of ethanol-resistance species, such as S. cerevisiae, from S1 to H2. Genetic analysis of yeasts isolated at S1 reported that 14 out of 20 bark samples showed presence of S. cerevisiae. A total of 9 strains were found and each fermentation was driven by a single strain. The most present strain was Y3.1 that was found in 4 bark samples, all collected from vine plants of the same row. This strain was already identified at H1, in the bark sample collected from plant 14 present in the other vine row. The other two strains were already found at H1: C6.1, isolated from plant 11, was previously identified in the bark sample collected from plant 6, and Y1.1 was isolated from plant 19 and previously collected from plant 11. Two commercial strains were identified: Lalvin DV10 from plants 2 and 12 (isolated from grape bunch fermentation, plant 5, at H1) and Premium Blanc from plant 17.
At H2, 16 out of 20 bark samples showed the presence of S. cerevisiae and the total strains number was 13. Y3.1 was confirmed to be the most present strain, isolated from 5 plants from both vine rows. Two strains, namely T10 and T6, were present in more than one bark sample, and in three samples two strains were simultaneously present. Three commercial strains were identified at H1: Lalvin DV10 and Premium Blanc were already present at S1 while VIN13 was isolated for the first time.
Results demonstrated that the bark environment showed a high level of variability in terms of strains number and distribution; therefore, in the successive season, we decided to monitor a third vine row in each vineyard in addition to the previous ones. Moreover, to better evaluate strains distribution when grape bunches were not present, two samplings, at early spring (ES2) and late spring (LS2), were performed and results were compared to those obtained at the successive harvest time 3 (H3).
In the YV, total CO 2 production ( Figure 2 ) was always very low, although it was more variable at H3. CO 2 concentration levels evidenced, once again, the presence of poorly fermenting yeasts. This was confirmed by the genetic analysis that did not allow identifying any S. cerevisiae among the yeast isolates. In the OV, the boxplot distribution of total CO 2 production showed a level of variability among bark samples, collected at ES2 and LS2, comparable to that found at S1. The interquartile ranges in the boxplot distribution were between 5.3 and 10 g/100 mL of synthetic must. Only bark samples collected from plants 1 to 10 at LS2 evidenced a very limited variability among CO 2 production values, and the interquartile range in the boxplot distribution was between 5 and 6.4 g/100 mL of synthetic must. This row at LS2 evidenced the presence of mainly low-ethanol-tolerant yeasts. At H3, CO 2 production values revealed considerable differences among vine rows, although not statistically different when the average values were considered. The new vine row (from plants 21 to 30) showed the lowest variability level and the interquartile range in the boxplot distribution was between 3.9 and 5 g/100 mL of synthetic must. These results highlighted the dominance of low-ethanol-tolerant yeasts. Genetic analysis at ES2 and LS2 evidenced that 15 and 8 out of 30 bark samples showed the presence of S. cerevisiae, respectively. These ratios were lower than that found at S1, confirming that the presence of S. cerevisiae was strongly variable in vineyard at different sampling times. The total strains numbers were 6 at ES2 and 5 at LS2, both lower than that found at S1. Y3.1 was confirmed to be the most present strain, isolated from 8 plants in the three vine rows. The bark sample collected from plant 8 was the only one showing the presence of two strains, Y3.1 and T10. The latter, together with C6.1, was already found at S1 and H2. No commercial strains were isolated at these sampling times. At H3, only 5 out of 30 bark samples evidenced the presence of S. cerevisiae, and a total of 2 strains, Y3.1 and T10 (both already identified at previous sampling times), were rescued. Y3.1 was confirmed to be the most present strain and it seems to dominate the bark environment as it was found at every sampling time, although at different levels.
The strains number and distribution were considerably lower than those found at H1 and H2, pointing out the strong influence of different vintages (in terms of rainfall and other climate-affecting factors and consequently in terms of chemical treatments) on vine yeast populations.
Dynamics of S. cerevisiae Strains During Pilot-Scale Vinifications
To evaluate how the presence of bark strains influenced strains dynamics during spontaneous fermentation, pilot-scale vinifications were performed at H2 and H3. Previous studies reported that many different strains are present during spontaneous must fermentations, but few are dominant in the later stages of the process [27] . Therefore, at H2, we decided to monitor presence of strains at an early stage (6% ethanol) and at the end of the fermentation process (Table 2) . 
In fermentations performed with grapes obtained from the YV, 10 and 12 S. cerevisiae strains were found at 6% ethanol and at the end of the fermentation process, respectively. All strains were not previously isolated from bark, indicating a grape-bunch origin. More than half of the strains were commercial starters previously used by the experimental cellar where pilot-scale vinifications were performed. Of total isolates analyzed, commercial strains accounted for 84.3% and 69.2% at 6% ethanol and at the end of the fermentation process, respectively. Only three strains were present at both sampling times: the commercial fruity flavor, the most present strain, F9 and F18.
Regarding the OV, 17 and 15 S. cerevisiae strains were found at 6% ethanol and at the end of the fermentation, respectively. These results evidenced that strains variability was slightly higher in OV fermentation than in YV fermentation. All strains were not previously isolated from bark, except for the commercial strain Premium Blanc that was found at 6% ethanol. Seven strains out of 17 at 6% ethanol and 6 out of 15 at the end of the fermentation process resulted to be commercial starters; 6 out of 7 commercial starters found in total were present in both vinifications (YV and OV). These findings suggested a high level of tank contamination. Strains F9 and F17 were found in fermentations of grapes collected from YV and OV as well. Possible cross-contaminations occurred during fermentations did not allow clearly establishing the origin of these strains. Of the isolates analyzed, commercial strains accounted for 62% and 53.8% at 6% ethanol and at the end of the fermentation process, respectively. Eight strains were present at both sampling times: 5 were commercial strains and 3 (F21, F23, and F28) had a bunch origin.
A limited variability in terms of number of strains was found between the two sampling times (at 6% ethanol and at the end of the fermentation process) for both YV and OV grapes, although an evident change of strains composition was found due to an increasing ethanol concentration. Therefore, at H3, we decided to perform only the sampling at 6% ethanol. To favor S. cerevisiae development, the grape must was split into two tanks; in one tank, 50 mg/L of SO 2 was added, a dosage which is known to inhibit non-Saccharomyces species.
At H3, in fermentations performed with grape obtained from YV, 11 S. cerevisiae strains were found, whereas in the presence of SO 2 the total strains number was 12 (Table 3) . All strains were not previously isolated from bark, indicating a grape-bunch origin. Moreover, they were not present in the corresponding vinification at H2. Seven strains out of 11 in YV fermentation and 5 out of 12 in YV fermentation in the presence of SO 2 were commercial starters; 4 out of the 8 commercial starters found in total were present in both vinifications. Of total isolates analyzed, commercial strains accounted for 76.6% and 71.7% in YV fermentation and in YV fermentation with SO 2 , respectively. The most present strain was the commercial starter VL that reached 35%-36.7% of the total isolates analyzed. Among the strains of bunch origin, only P7 and P14 were found in both fermentations.
In fermentations performed with grapes obtained from OV, 9 S. cerevisiae strains were found, whereas in the presence of SO 2 the total strains number was 10; 4 out of the 9 commercial starters found in total were present in both vinifications. Of total isolates analyzed in both vinifications, commercial strains accounted for 81.7%. The most present strains were the commercial starter CRU 211 (43.3%) in fermentation without SO 2 and WAM (41.7%) in fermentation with SO 2 . Five strains were present in both vinifications: 4 were commercial strains and 1 (P14) had a bunch origin. Seven commercial strains and two strains of bunch origin (P4 and P14) were found to be present in fermentations of grapes collected from the YV and OV. These findings suggested again the presence of a high level of contamination.
In these pilot-scale vinifications, the addition of SO 2 slightly incremented strains variability, but in the presence of SO 2 some strains, such as the commercial starter WAM, increased their concentration. These findings suggested that different levels of SO 2 tolerance could modulate strain presence in the fermenting must.
Materials and Methods
Wine-Making Area, Grapevine Variety, and Sampling Times
Two vineyards of Glera, the main white grape variety of the Conegliano Valdobbiadene Prosecco Superiore DOCG wine-making area, were studied. One vineyard was three years old (YV) and the grapevine trunks had an average diameter of 1.5-2 cm with a thin bark. The second one was eight years old (OV) with a robust trunk with an average diameter of 10 cm. In both vineyards, two or three rows were selected, and each one was constituted by 30 vine plants. Three consecutive harvests were considered and the monitoring campaign included the following samplings: during the first year at H1 and in the subsequent year in S1 and at H2; during the third year at ES2, LS2, and at H3. From each row, 10 plants were chosen for sampling bark portions and, at harvest, grape bunches.
Bark and Grape Sampling and Yeast Isolation
To collect S. cerevisiae strains from bark, sampling was carried out by scratching bark portions from the vine cordon with a sterilized spatula. Samples were transferred to the laboratory, introduced into 120 mL Erlenmeyer flasks sealed with silicon caps, containing a bowed glass pipette, and added with 100 mL of Delfini synthetic must [29] . To each flask, 100 µL of sulphur dioxide at 5% (v/v) to prevent apiculate yeasts development and 10 mL of vaseline oil to prevent moulds growth were added.
The fermentation process was followed by monitoring the weight loss daily. Fermentations were considered completed when weight loss was lower than 0.1 g within 24 h.
To collected S. cerevisiae strains from grapes, grape bunches were collected 3 to 5 days before harvest, as described by Viel et al. [7] . Briefly, stomacher sterile bags were used to collect about 500 g of grapes (generally corresponding to one bunch) and an amount of sugar (50% fructose and 50% glucose), corresponding to 2% of grapes weight, was added to each sample, together with 500 µL of sulphur dioxide at 5% (v/v), to promote the growth of S. cerevisiae yeast species. Samples were manually crushed, and spontaneous fermentations were let to run at room temperature. The fermentation process was monitored by evaluating the daily weight loss of the fermenting flasks until the daily weight decrease was lower than 0.1 g, indicating the end of fermentation.
For both bark and grape fermentations, when the amount of CO 2 produced reached 3-4 g/100 mL of synthetic must or 100 g of grape, a 1 mL aliquot from each flask or bag was serially diluted and plated on WL medium (Oxoid). Plates were incubated for 5 days at 25 • C. For each sample, about 50 colonies with Saccharomyces-like morphology were randomly collected and stored at −80 • C in a 40% (v/v) glycerol solution.
Pilot-Scale Vinifications and Yeast Isolation
At sampling times H2 and H3, manual harvest was performed when Glera grapes reached the complete ripeness. For each vineyard, 400 kg of bunches were collected from each sampled row, consisting of 30 vine plants each. After crushing, the grape must was transferred to two steel tanks of 1 hl capacity, each one filled with about 70 L of must and let to ferment spontaneously.
Pilot-scale vinifications were carried out in the experimental winery of Veneto Agricoltura (Conegliano, Italy). After 24 h of maceration at 20 • C, the grape must was pressed to separate the grape pomace. After further 24 h of settling, the juice was transferred to a new tank. The fermentation process was carried out at 20 • C and monitored daily by measuring the sugar consumption (data not shown) At H2, the OV grape must had 174 g/L of sugars (pH: 3.42) and the YV grape must had 159 g/L of sugars (pH: 3.23). When alcohol content was about 6.0% (v/v) and at the end of fermentation (sugars concentration lower than 1 g/L), aliquots from each tank were taken, serially diluted, and plated on WL agar medium (Oxoid) for colony count and isolation. For each fermentation, at the two sampling points, a total of 50-52 colonies showing Saccharomyces-like morphology were randomly collected, purified, and stored in 40% (v/v) glycerol solution.
At H3, the OV grape must had 146 g/L of sugars (pH: 3.15) and the YV grape must had 150 g/L of sugars (pH: 3.26). For each vineyard, after grape crushing, the must was split into two tanks. In one tank, the fermentation was carried out without sulfur dioxide addition, while in the other one 50 mg/L of SO 2 was added. When alcohol content was about 6.0% (v/v), aliquots from each tank were taken, serially diluted, and plated on WL agar medium (Oxoid) for colony count and isolation. For each fermentation, a total of 60 colonies showing Saccharomyces-like morphology were randomly collected, purified, and stored in a 40% (v/v) glycerol solution. In all the vinifications, alcoholic fermentations were completed, represented by the sugars concentration lower than 1 g/L.
Species Identification
To identify isolates belonging to the species S. cerevisiae, multiplex PCR [30] and HRM analyses [31] on yeasts colonies were performed.
MtDNA RFLP Analysis
In order to identify S. cerevisiae isolates genotypes, the Querol and Ramon [32] method was followed. Briefly, isolates were plated on YM agar medium and incubated for 48 h at 25 • C. Then, yeast colonies were resuspended in 1 mL of sterile water, centrifuged for 3 min at 14,000 rpm, and processed for DNA isolation. DNA digestion was carried out using HinfI enzyme (Fermentas, Thermo Scientific, Waltham, MA, EUA). After the digestion, DNA fragments were separated by electrophoresis on agarose gel, as described by Bovo et al. [33] . The mtDNA restriction profiles were analyzed using BioNumerics ® 6.6 software (Applied Maths, Sint-Martens-Latem, Belgium) and yeast isolates showing the same genotype were identified by the same code.
Statistical Analysis
Boxplot and one-way analysis of variance (ANOVA) at a 95% accuracy level were made with XLSTAT software version 7.5.2 (Addinsoft, Paris, France).
Conclusions
In this work, grape and bark samples, collected from two vineyards of different ages, were fermented to evaluate the presence of S. cerevisae strains during three following vintages. Moreover, pilot-scale vinifications were conducted at two following harvests to evaluate the potential transfer of S. cerevisiae from the vineyard to the cellar. By analyzing more than 910 isolates collected from vineyard and from vinifications of grape musts, 60 genotypes, corresponding to the same number of strains, were isolated.
The first sampling of grapes and bark portions was carried out at harvest (H1) and highlighted that the age of vineyards was an important factor affecting the presence and diffusion of S. cerevisiae on the bark and on grape surface. The very low level of CO 2 production during fermentation indicated the abundance of oxidative yeasts in the YV; indeed no S. cerevisiae was identified from the bark and on the grape surface.
During the successive vintages bark samples were collected at spring when grape bunches were not present yet and at harvest. In the OV, the abundance of S. cerevisiae was highly variable, ranging from a minimum of 2 strains at H1 and H3 to a maximum of 13 strains at H2. These results evidenced the strong effect of the vintage on vine yeast populations. The effect of different vintages on S. cerevisiae strains abundance is well-documented in the grape must and during vinification [34, 35] , but no previous works described the effect of vintage on vineyard-associated S. cerevisiae strains.
Generally, each bark sample contained only one S. cerevisiae strain, evidencing a very low genetic variability, although this species was anyway present. Notwithstanding, the constant isolation of S. cerevisiae from bark, regardless of the presence of grape bunches, suggested that it can be considered an alternative ecological niche that permanently hosts S. cerevisiae in the vineyard.
Interestingly, no strains of bark origin were found on grape bunches (H1) and during pilot-scale vinifications. These results suggested that strains of bark origin, adapted to vine conditions, were less competitive in the grape must. The native strains, developed in the grape must during vinifications, could be originated from other sources, such as contamination by cellar tools (tanks), soil or that carried by insects, as suggested by other researches [21, 26] .
Several commercial strains have been isolated from bark samples and during pilot-scale vinifications, confirming the high level of strain dissemination found from previous studies. These commercial starters were the only strains that were simultaneously found in the vineyard and during vinifications, suggesting a potential transfer from the vineyard to the cellar. One of them, Premium Blanc, was present in the vineyard and dominated during pilot-scale vinifications.
In conclusion, the vineyard population of S. cerevisiae was present during the whole sampled period, and it was affected by the different harvests and sampling times, the age of the plants, and plant position in the vineyard. The bark population of S. cerevisiae seemed to be very different from that of the grapes, since no strain transfer was detected during this study. Therefore, further investigations will be needed to evaluate whether such differences could be evidenced in their technological properties as well. 
